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ABSTRACT 

Monitoring  the  integrity  of  filament  wound  composite  structures  such  as  solid  rocket  motors  and  liquid  fuel  bottles  is 
important  in  order  to  prevent  catastrophic  failures  and  to  prolong  the  service  life  of  these  structures.  To  ensure  the  safety 
and  reliability  of  rocket  components,  they  require  frequent  inspection  for  structural  damages  that  might  have  occurred 
during  manufacturing,  transportation,  and  storage.  The  timely  and  accurate  detection,  characterization  and  monitoring  of 
structural  cracking,  delamination,  debonding  and  other  types  of  damage  is  a  major  concern  in  the  operational 
environment.  Utilization  of  a  sensor  network  system  integrated  with  the  structure  itself  can  greatly  reduce  this 
inspection  burden  through  fast  in-situ  data  collection  and  processing.  Acellent  Technologies,  Inc.  is  currently 
developing  integrated  structural  monitoring  tools  for  continuous  monitoring  of  composite  and  metal  structures  on  aircraft 
and  spacecraft.  Acellenf  s  integrated  structural  monitoring  system  consists  of  a  flexible  sensor/actuator  network  layer 
called  the  SMART  Layer,  supporting  diagnostic  hardware,  and  data  processing/analysis  software.  Recently,  Acellent 
has  been  working  with  NASA  Marshall  Space  Flight  Center  to  develop  ways  of  embedding  the  SMART  Layer  inside 
filament  wound  composite  bottles.  SMART  Layers  were  designed  and  manufactured  for  the  filament  wound  bottles  and 
embedded  in  them  during  the  filament  winding  process.  Acellent  has  been  working  on  developing  a  complete  structural 
health  monitoring  system  for  the  filament  wound  bottles  including  data  processing  tools  to  interpret  the  changes  in 
sensor  signal  caused  by  changes  in  the  structural  condition  or  material  property.  A  prototype  of  a  filament  wound 
composite  bottle  with  an  embedded  sensor  network  has  been  fabricated  and  preliminary  data  analysis  tools  have  been 
developed. 

Keywords:  Structural  Health  Monitoring;  SMART  Layer;  SMART  Suitcase;  Built-in/Embedded  sensors;  Filament 
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1.  INTRODUCTION 

It  is  important  to  have  up-to-date  information  on  the  integrity  of  structures  in  order  to  prevent  catastrophic  failures  and  to 
prolong  their  service  life.  This  is  especially  true  for  rockets  because  of  the  cost  and  liability  associated  with  each  launch 
failure  [1].  The  problem  is  exacerbated  by  the  fact  that  today’s  rockets  heavily  utilize  composite  material,  which  has  a 
weight  advantage  but  is  prone  to  impact  damages.  To  ensure  the  safety  and  reliability  of  rocket  components,  they 
require  frequent  inspection  for  accidental  damages  that  might  have  occurred  during  manufacturing,  transportation,  and 
storage.  Possible  types  of  defect/damage  in  composite  motor  case  and  fuel  bottles  are  matrix  cracking,  fiber  breakage, 
delamination  between  plies,  and  debond  between  liner  and  composite  overwrap  [2].  Current  approach  of  using 
conventional  nondestructive  evaluation  (NDE)  techniques  such  as  C-scan,  thermography,  shearography,  and  eddy 
current,  etc.,  is  expensive,  time-consuming,  and  often  cannot  be  performed  on  structures  already  placed  in  service 
because  of  the  inaccessibility  or  the  special  equipment  required.  Therefore,  there  is  a  need  for  a  new  diagnostic 
technique  to  perform  in-situ  examination  of  structural  integrity  in  composite  rocket  motors. 

Recently,  the  aerospace  industry  has  started  embracing  the  concept  of  Structure  Health  Monitoring  [3],  which  uses 
sensors  integrated  permanently  onto  structures  to  monitor  their  condition  throughout  their  lifetime.  The  types  of  sensors 
that  are  being  used  for  this  purpose  include  fiber-optic  sensors,  strain  gauges,  micro  electromechanical  sensors  (MEMS), 
and  piezoelectric  sensors.  Acellent  Technologies’  approach  to  structural  health  monitoring  uses  distributed  miniature 
piezoelectric  elements  integrated  onto  structures  to  actively  scan  and  diagnose  the  condition  of  a  structure.  Acellent  uses 
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the  permanently  integrated  piezoelectric  elements  (either  embedded  or  surface-mounted)  as  actuators  and  sensors  to 
excite  the  structure  and  capture  the  corresponding  structural  response  [4].  A  piezo  element  is  first  used  as  an  actuator  to 
input  a  diagnostic  stress  wave.  At  the  same  time,  the  neighboring  piezo  elements  are  used  as  sensors  to  pick  up  the 
propagated  signal.  The  captured  signal  is  then  examined  by  comparing  it  to  the  same  signal  captured  at  a  previous  time 
(i.e.  the  baseline).  If  a  difference  is  observed,  then  a  change  in  the  structure’s  condition  has  occurred,  indicating  a 
possible  damage  in  the  area.  By  alternating  all  piezo  elements  on  the  structures  as  actuators  and  sensors,  a  diagnostic 
scan  over  the  entire  structure  can  be  performed  using  all  combinations  of  actuator-sensor  paths.  Previously,  Acellent  has 
applied  this  technique  of  active  structural  diagnostic  using  built-in  piezo  network  to  several  different  types  of  structures. 
The  objective  of  the  current  investigation  reported  here  is  to  apply  Acellenf  s  active  structural  diagnostic  technique  to 
composite  rocket  motor  cases/fuel  bottles,  and  demonstrate  the  technique’s  ability  to  perform  in-situ  structural  inspection 
to  locate  damages  on  filament  wound  composite  structures  [5]. 
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Figure  I:  Concept  of  monitoring  the  integrity  of  filament  wound  composite  structure  using  a  built-in  sensor  network. 


2.  MANUFACTURING  OF  INSTRUMENTED  BOTTLE 

In  order  to  instrument  composite  motor  cases  and  fuel  bottles  with  a  built-in  network  of  piezoceramic  elements, 
Acellenf  s  SMART  Layer  technique  is  utilized  [6].  Up  to  now,  the  SMART  Layer  concept  has  been  proven  for  several 
composite  manufacturing  techniques  (including  prepreg  layup,  wet  layup,  fiber  placement,  and  resin  transfer  molding), 
but  it  has  never  been  done  for  the  filament  winding  process  before.  The  filament  winding  process  takes  a  bundle  of 
composite  fibers  (a.k.a.  a  tow)  and  winds  it  over  a  cylindrical  mandrel  to  build  up  successive  layers  of  composite 
reinforcement.  The  challenges  of  incorporating  SMART  Layers  inside  a  filament  wound  structure  include  the  insertion 
and  positioning  of  SMART  Layers  during  the  winding  process,  and  the  effect  of  non-uniform  pressure  applied  by  the 
narrow  fiber  tow  on  the  SMART  Layer  during  the  winding  process.  All  in  all,  many  manufacturing  issues  have  to  be 
resolved  in  order  to  qualify  the  SMART  Layer  for  use  in  the  composite  filament  winding  process. 

2.1  Design  of  SMART  Layer  for  Blament  wound  bottle 

For  the  composite  filament  winding  process,  the  SMART  Layers  are  designed  in  the  shape  of  a  thin  flat  strip  with  a  row 
of  piezoelectric  elements  (Figure  2).  The  piezo  elements  used  are  piezoceramic  PZT  that’s  0.25  inch  in  diameter  and  10 
mils  thick.  There  are  5  piezos  on  each  SMART  Layer  strip.  Because  of  the  difference  in  geometry  between  the  cylinder 
section  and  the  dome  section  of  the  composite  bottle,  different  piezo  spacing  were  used  on  the  SMART  Layer  strip.  For 
the  cylinder  part  the  spacing  is  5.5  inches,  while  in  the  dome  part  the  spacing  is  4.5  inches.  Doing  so  provide  a  more 
uniform  piezo  grid  array.  To  reduce  electromagnetic  EM  noise,  the  SMART  Layers  are  shielded  on  one-side  with  a  half¬ 
mil  (0.0005”)  thick  solid  copper  foil.  This  produces  an  overall  thickness  of  the  layer  of  about  6  mils. 
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Figure  2:  Design  of  the  SMART  Layer  strip  embedded  in  the  bottle. 


The  composite  bottle  that  is  to  be  instrumented  measures  20  inches  long  and  15  inches  in  diameter.  For  the  preliminary 
design  of  the  first  bottle,  eight  SMART  Layers  strips  are  used  (Figure  3),  giving  a  sensor  spacing  of  slightly  less  than  6 
inches  in  the  hoop  direction.  And  since  the  sensor  spacing  in  the  axial  direction  is  5.5”  in  the  cylindrical  section,  the 
resulting  sensor  grid  is  almost  square  in  shape.  In  the  dome  section  because  the  surface  is  curved  in,  the  trapezoidal 
shape  of  the  sensor  grid  is  4.5”,  5.5”,  5.5”,  and  6.5”  on  the  four  sides. 


The  bottle  has  8  evenly  spaced  strips  with 
5  sensors  each,  for  a  total  of  40  sensors. 


Figure  3:  Location  of  SMART  Layer  strips  and  the  distribution  of  sensors. 


The  design  of  the  bottle  has  5  hoop  composite  layers  and  2  helical  composite  layers  in  the  cylindrical  section,  but  only 
two  helical  layers  in  the  dome  sections  as  illustrated  in  Figure  4.  To  determine  the  best  location  for  embedding  the 
SMART  Layer  strips,  the  eight  strips  are  divided  up  and  embedded  at  different  depths.  Because  bending  mode  is  the 
desired  mode  of  structural  excitation  for  our  diagnostic  purpose,  the  SMART  Layer  strips  are  placed  as  far  away  from 
the  mid-plane  of  the  bottle  wall  as  possible  [7].  Four  SMART  Layer  strips  are  embedded  one  hoop  layer  above  the 
aluminum  liner,  while  the  other  four  SMART  Layer  strips  are  embedded  one  hoop  layer  below  the  surface  of  the  bottle. 
Because  of  this  arrangement,  two  sensors  on  each  “inner”  strip  are  in  contact  with  the  aluminum  bottle  liner,  while  two 
sensors  on  each  “outer”  strip  are  exposed  on  the  outer  surface  in  the  dome  sections  (Figure  4). 
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Figure  4:  Embedding  locations  of  SMART  Layer  strips  in  the  filament  wound  bottle. 


2.2  Fabrication  of  the  bottle  with  SMART  Layer 

The  fabrication  of  filament  wound  composite  bottle  was  done  at  NASA  Marshall  Space  Flight  Center’s  facility.  Some 
pictures  showing  the  filament  winding  process  that  incorporates  the  SMART  Layer  strips  into  the  bottle  are  shown  in 
Figure  5.  The  main  process  involves  winding  composite  prepreg  tows  onto  an  aluminum  liner  mandrel  in  either  a  hoop 
direction  or  a  helical  pattern.  First,  a  hoop  layer  was  wound  onto  the  cylindrical  section  of  the  bottle.  Four  SMART 
Layer  strips  were  then  placed  on  top  of  the  hoop  layer  and  held  in  place  by  Teflon  tape  affixed  on  the  dome  part.  Then 
two  hoop  layers  were  wound  over  the  cylindrical  section  again.  Next,  the  tapes  used  to  fix  the  location  of  the  four 
SMART  Layer  strips  were  removed  before  winding  two  helical  layers  over  the  entire  bottle.  Then,  another  hoop  layer 
was  wound  over  the  cylindrical  section.  Next,  the  four  outer  SMART  Layer  strips  were  placed  on  the  bottle,  held  in 
place  by  Teflon  tape.  Finally,  a  hoop  layer  was  then  wound  on  top  of  the  cylindrical  section,  leaving  the  outer  SMART 
Layer  strips  exposed  on  the  dome  part.  All  the  piezo  elements  on  the  SMART  Layer  strips  were  oriented  towards  the 
thicker  side  of  the  composite:  the  piezos  on  the  inner  strips  face  outward  and  the  piezos  on  the  outer  strips  face  inward. 
After  the  filament  winding  process,  the  composite  bottle  was  cured  at  350°F  for  2  hours  in  an  oven.  Because  the  curing 
process  did  not  use  vacuum  bagging.  Teflon  tape  was  used  to  hold  the  four  outer  SMART  Layer  strips  onto  the  dome 
part  of  the  bottle  which  was  later  removed  after  the  cure. 


Figure  5:  Filament  winding  process  incorporating  the  SMART  Layer  strips  into  the  bottle. 


2.3  Finished  composite  bottle  with  an  embedded  sensor  network 

Figure  6  shows  the  finished  bottle  and  a  thermographic  scan  image.  The  imager  used  is  an  Indigo  Merlin  running  under 
Thermal  Wave  Imaging  software  (Width  =10,  Gating  =  Exponential,  60Hz,  13mm  lens).  The  heating  source  is  a  TWI 
Flash  System,  and  for  surface  preparation  the  bottle  was  painted  flat  black  [8].  From  the  thermographic  image,  the 
SMART  Layer  strips  looked  well  bonded  with  the  composite,  except  where  the  outer  strips  come  out  from  under  the 
composite  on  the  dome  part.  This  is  due  to  the  lack  of  external  pressure  applied  during  cure;  holding  it  with  tape  does 
not  appear  to  be  good  enough.  Otherwise,  the  bottle  looked  good. 


Figure  6:  Finished  bottle  and  thermographic  image  showing  embedded  SMART  Layer  strips. 


3.  SIGNALS  AND  INTERPRETATION 

After  the  instrumented  bottle  had  been  fabricated,  data  were  taken  using  the  network  of  embedded  piezoelectric 
actuators/sensors.  The  best  propagation  frequency  that  yielded  the  biggest  signal  was  found  to  be  between  35-65  kHz. 
Signals  collected  from  the  bottle  turned  out  to  be  very  strong,  and  were  able  to  travel  well  beyond  their  neighboring 
sensors  to  even  circle  the  entire  circumference.  The  fact  that  signals  can  travel  beyond  the  closest  sensors  is  very  useful 
-  it  allows  the  number  of  actuator-sensor  paths  to  increase  thus  provides  a  better  coverage  over  the  area  with  finer 
resolution.  It  also  provides  redundancy  coverage  by  having  overlapping  paths  that  can  be  used  in  case  a  sensor  fails  [9]. 

Comparing  the  signals  from  SMART  Layer  strips  mounted  at  the  two  embedding  locations  (i.e.  one  near  the  outer 
surface  and  one  near  the  inner  surface),  the  signal  strength  at  both  locations  are  similar  in  the  cylindrical  section  of  the 
bottle.  However,  in  the  dome  sections  of  the  bottle,  the  inner  strips  produce  stronger  signals  than  the  outer  strips.  This 
is  due  to  the  fact  that  the  inner  strips  are  wound  inside  a  helical  composite  layer  in  the  dome  sections,  while  the  outer 
strips  are  simply  exposed  on  the  surface.  Because  of  this,  the  better  location  for  placing  the  SMART  Layer  strips  turns 
out  to  be  the  one  near  the  inner  surface  for  this  particular  bottle  design. 

After  a  set  of  baseline  data  had  been  collected  from  all  paths  on  the  bottle,  damage  was  introduced  onto  the  bottle  to  look 
at  its  effect  on  the  sensor  signals  [10].  To  introduce  impact  damage,  a  ball-peen  hammer  was  held  in  contact  with  the 
bottle  to  serve  as  an  impactor  tip,  and  then  an  8-lb  3-ft  long  sledgehammer  was  swung  to  strike  the  top  of  the  ball-peen 
hammer  (Figure  7).  Because  this  type  of  composite-wrapped  bottles  take  a  lot  of  impact  force/energy  to  get  any 
damage,  the  impact  process  was  repeated  several  times  until  a  damage  was  visible  on  the  surface.  The  size  of  the 
resulting  damage  on  the  surface  was  approximately  half  an  inch  in  diameter. 


Figure  7:  Damage  test  by  using  hammer  impact  to  create  damage. 


Figure  8  shows  the  comparison  of  a  sensor  signal  before  and  after  damage.  For  illustration  purpose,  the  signal  is  taken 
from  an  actuator-sensor  path  that  passes  near  the  damage  site  and  therefore  is  affected  significantly.  An  enlargement  of 
the  plot  shows  that  after  the  structure  had  been  damaged,  the  signal  amplitude  becomes  weaker  and  is  shifted  [11].  To 
quantify  the  change  in  the  signal  due  to  this  damage,  the  post-damage  signal  can  be  subtracted  from  the  original 
(baseline)  signal  before  there  was  damage.  The  remaining  difference  is  called  a  scatter  signal  that  is  used  to  quantify  the 
amount  of  change  in  the  signal  of  a  particular  actuator-sensor  path. 


Figure  8:  Example  of  the  signal  collected  by  a  built-in  sensor  before  and  after  there  is  damage  in  the  structure. 


The  scatter  signals  from  all  different  paths  on  the  bottle  can  be  displayed  together  to  produce  a  comprehensive  image  to 
show  their  relative  magnitude.  Since  different  paths  have  different  propagation  distance,  and  that  signal  amplitude  is  a 
function  of  distance,  this  factor  has  to  be  taken  out  in  order  to  make  the  signals  from  different  paths  directly  comparable. 
To  do  so,  the  signals  from  all  paths  are  first  normalized  using  their  respective  distance  so  that  all  paths  show  similar 
signal  amplitude  no  matter  how  long  the  actuator-sensor  path  is.  After  the  factor  of  distance  has  been  taken  out  by 
normalizing  the  data,  the  scatter  signal  amplitude  of  each  path  is  plotted  as  a  color  gradient  contour  on  the  bottle.  The 


result  of  the  combined  plot  showing  the  scatter  signal  amplitudes  from  all  paths  is  shown  in  Figure  9.  Where  multiple 
paths  are  affected  by  the  impact  damage  that  results  in  prominent  scatter  signals,  their  effects  are  added  up  to  show  a 
heighten  intensity  that’s  used  to  indicate  the  presence  of  damage.  This  display  technique  can  be  used  as  a  fast  imaging 
method  to  help  visualize  the  approximate  location  and  extent  of  an  impact  damage. 


Impact  location 


Figure  9:  Damage  identification  result  using  signals  collected  by  a  network  of  built-in  sensors. 


4.  ON-GOING  WORK 

In  the  coming  weeks,  four  more  bottles  with  embedded  SMART  Layer  strips  will  be  fabricated  at  NASA’s  Marshall 
Space  Flight  Center  facility.  The  design  will  be  improved  based  on  our  findings  reported  here.  Specifically,  the  number 
of  SMART  Layer  strips  will  be  reduced  from  8  to  6,  since  sensor  signals  appear  to  be  strong  and  travel  well  on  this 
bottle  structure.  This  will  reduce  the  number  of  sensors  that  are  used  to  cover  the  bottle  to  30,  which  is  exactly  the 
number  of  channels  available  on  our  SMART  Suitcase  [4],  therefore  allowing  the  whole  bottle  to  be  scanned  at  one  time. 
In  the  new  design,  the  SMART  Layer  strips  will  be  embedded  at  the  inner  surface  between  the  aluminum  liner  and  the 
first  helical  composite  ply.  The  reason  for  this  choice  is  because  the  strips  at  this  location  appear  to  bond  better  than  the 
ones  near  the  outer  surface,  and  that  they  provide  stronger  signals. 

After  the  four  bottles  are  fabricated,  some  of  them  will  be  tested  under  usage  condition.  The  type  of  tests  that  may  be 
done  include  cryogenic  test  and  pressurization  test.  In  the  cryogenic  test,  the  instrumented  bottles  can  be  filled  with  a 
liquid  cryogen  to  simulate  the  operating  condition.  The  sensors  will  then  be  examined  at  the  cryogenic  temperature  to 
measure  their  performance.  In  the  pressurization  test,  the  instrumented  bottles  can  be  loaded  up  to  near  the  burst 
pressure  to  test  the  survivability  of  the  sensors  and  measure  their  performance  in  collecting  information  from  the 
structure  up  to  failure.  Further  impact  tests  will  also  be  performed  on  the  bottles,  and  the  damaged  bottles  will  likely  be 
sent  back  to  NASA  for  a  C-scan  or  thermography  so  the  result  can  be  used  to  further  improve  the  technique  for 
visualization  of  signals  from  a  network  of  embedded  sensors. 

5.  SUMMARY 

To  ensure  safe  and  reliable  operation  of  rockets,  they  require  frequent  inspection  for  possible  structural  damages  that 
could  lead  to  catastrophic  launch  failures.  A  technique  is  being  developed  to  monitor  the  integrity  of  filament  wound 
structures  such  as  composite  rocket  motor  cases  and  fuel  bottles  using  a  network  of  built-in  piezoceramic  transducers. 
The  technique  utilizes  Acellent  Technologies’  SMART  Layer  concept  to  integrate  a  network  of  piezoceramic 


transducers  onto  a  composite  bottle  during  the  filament  winding  process.  The  first  prototype  of  the  instrumented  bottle 
has  been  fabricated  successfully  at  NASA’s  Marshall  Space  Flight  Center  facility,  and  the  SMART  Layer  approach  has 
been  shown  to  be  compatible  with  the  composite  filament  winding  process.  Embedding  SMART  Layer  strips  inside 
bottles  by  wrapping  prepreg  tows  over  them  has  been  found  to  provide  good  bonding  to  the  liner  and  the  composite,  as 
shown  by  a  post  manufacture  thermography  scan.  Signals  recorded  from  the  prototype  bottle  were  found  to  be 
exceptionally  strong  such  that  they  can  travel  the  entire  circumference  of  the  bottle,  which  allows  the  design  of  future 
bottles  to  have  even  fewer  sensors.  Comparison  of  signal  strength  between  SMART  strips  mounted  at  the  two 
embedding  locations  showed  that  inner  strips  produce  stronger  signal  than  outer  strips,  therefore  the  inner  surface 
location  is  a  better  choice  for  the  placement  of  SMART  strips  inside  this  bottle.  Preliminary  impact  tests  have  been 
performed  on  the  prototype  bottle,  and  a  scan  of  the  bottle  using  the  developed  software  algorithms  was  able  to  locate 
the  damage.  Further  signal  processing  and  imaging  techniques  are  being  developed  to  improve  the  display  of  the  impact 
damage. 
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